Aims/Introduction: Osteoporosis is known to be intimately related to sympathetic nerve activity. We examined the relationship of plasma leptin with cortical and trabecular bone components in patients with type 2 diabetes mellitus. Materials and Methods: The present cross-sectional study included 182 type 2 diabetes mellitus patients (93 men, 89 women). Cortical thickness (CoTh) and trabecular bone mineral density (BMD) were determined at the 5.5% distal radius using an LD-100 ultrasonic bone densitometry device. Plasma leptin along with physical and laboratory measurements was simultaneously determined. Results: Plasma leptin, but not body mass index (BMI), was inversely correlated with CoTh (q = -0.487, P < 0.001), while BMI, but not plasma leptin, was positively correlated with trabecular BMD (q = 0.369, P < 0.001). In multivariable regression analysis, after adjustments for age, sex, duration of diabetes, glycated hemoglobin A1c, albumin, estimated glomerular filtration rate, parathyroid hormone and handgrip strength, plasma leptin was inversely associated with CoTh (b = -0.258, P < 0.001), but not trabecular BMD. Furthermore, plasma leptin level retained a significant association with CoTh after further adjustment for BMI (b = -0.237, P < 0.001) and BMI plus waist-to-hip ratio (b = -0.243, P < 0.001). In contrast, the "sex 9 leptin" interaction was not significant (P = 0.596). Conclusions: Leptin level in plasma, independent of BMI and BMI plus waist-to-hip ratio, was shown to be inversely associated with CoTh, but not trabecular BMD, suggesting that hyperleptinemia resulting from obesity might contribute to cortical porosis in patients with type 2 diabetes mellitus.
INTRODUCTION
Patients with type 2 diabetes mellitus have an elevated risk of bone fracture, even when adequate bone mineral density (BMD) is present 1-3 , suggesting the involvement of impaired bone quality, but not reduced BMD, in the development of bone fragility in those patients. Using an LD-100 quantitative ultrasound (QUS) device, we recently showed that cortical thickness (CoTh), but not trabecular BMD (TrBMD), at the 5.5% distal radius was significantly reduced in type 2 diabetes mellitus patients as compared with individuals without diabetes 4 , whereas reduced CoTh was found to be significantly associated with vertebral fracture in patients with type 2 diabetes mellitus 5 . In other similar studies 6, 7 , but not all 8 , obese individuals have been shown to possess alterations in the structure and material properties of cortical bone, including higher cortical porosity along with reduced cortical area, bone mineral content, BMD and bone strength. Furthermore, the present authors and others have shown that obesity is a risk factor for lower CoTh in type 2 diabetes mellitus patients 4 , as well as the general population 9 , although the underlying mechanisms of the relationship of that with obesity have yet to be elucidated.
Leptin, a 16-kDa peptide hormone mainly derived from adipose tissue, was originally identified as a substance with activities to increase energy expenditure and suppress appetite 10, 11 , type 2 diabetes mellitus patients generally show higher levels of leptin in plasma than individuals without diabetes, due to increased adiposity and development of leptin resistance 12 , although the level of leptin in plasma in those patients is a controversial issue 13, 14 . In addition to its appetite-suppressing effect, leptin is known to activate the sympathetic nervous system through hypothalamic neurons expressing the leptin receptor 15 . Obesity is known to be closely associated with autonomic dysfunction 16 , and we previously reported that the association of hyperleptinemia with autonomic dysfunction was more significant in type 2 diabetes mellitus as compared with non-diabetes patients, even though the plasma leptin level was lower in the former group 17 , suggesting a strong involvement of plasma leptin in autonomic dysfunction occurring in association with type 2 diabetes mellitus.
Importantly, other reports have shown that activation of the sympathetic nervous system under the influence of leptin inhibits bone formation [18] [19] [20] and stimulates bone resorption 21 , indicating involvement of leptin in the development of osteoporosis through sympathetic nerve activity. Those findings led us to examine here whether plasma leptin contributes to the pathophysiology of reduced CoTh in type 2 diabetes mellitus patients. Thus far, no known studies have investigated the associations of plasma leptin level and CoTh in type 2 diabetes mellitus diabetes. In the present study, we examined type 2 diabetes mellitus patients to analyze the relationship of the level of leptin in plasma with CoTh and TrBMD.
METHODS

Study design and participants
The present cross-sectional study was carried out at the Diabetes Center of Osaka City University Hospital (Osaka, Japan) between October 2011 and February 2017. We enrolled 182 consecutive patients with type 2 diabetes mellitus (93 men, 89 women) who had been admitted for evaluation of diabetic complications, education regarding caring for their condition and/or glycemic control. Type 2 diabetes mellitus was diagnosed based on criteria presented by the Japan Diabetes Society 22 . For glycemic control, the patients were being treated with dietary therapy alone (n = 20), metformin (n = 51), sulfonylurea (n = 54), glinides drugs (n = 4), dipeptidyl peptidase-4 inhibitors (n = 68), a-glucosidase inhibitors (n = 24), pioglitazone (n = 10), glucagon-like peptide-1 receptor agonists (n = 9) or insulin (n = 71; Table 1 ). Smoking status was determined based on self-reported history of cigarette smoking. We defined cerebrovascular disease as history of stroke (ischemic or hemorrhagic) diagnosed based on computed tomography or magnetic resonance imaging findings. Those who had malignancy, infection or acute illness; representative diseases known to have effects on sympathetic nerve activity, including Parkinson's disease, Guillain-Barr e syndrome and multiple sclerosis; or taking such medications as anti-osteoporotic drugs or steroids that might have effects on bone metabolism were excluded from analysis. None had metabolic bone disease or a major condition that might influence bone metabolism or affect nutritional status.
Written informed consent was obtained from all participants before participation in this study. The study protocol was approved by the ethics review committee of Osaka City University Graduate School of Medicine (approval #308), and it was carried out in accordance with the principals of the Declaration of Helsinki. 
Physical measurements
We measured height and bodyweight. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. Waist circumference was measured to the nearest centimeter at the level of the umbilicus in a standing position at the end of gentle expiration. Hip circumference was measured at the level of greatest posterior protuberance of the buttocks. Waist-to-hip ratio was calculated as waist circumference in centimeters divided by hip circumference in centimeters. Diabetic neuropathy was defined as the presence of two or more neuropathic symptoms, decreased distal sensation and unequivocally decreased or absent ankle reflexes 23 . Using a hand dynamometer, handgrip strength on the non-dominant side was measured by experienced research staff blinded to all biochemical and clinical data, during which the patient was instructed to apply as much handgrip pressure as possible, and repeated three times, with the highest score recorded in kilograms, using a method that we have previously reported 24, 25 .
Measurement of bone densitometry with an ultrasonic device
Ultrasonic measurements of the non-dominant side of the 5.5% distal radius were carried out using an LD-100 bone densitometer device (Oyo Electric, Kyoto, Japan), which allows determination of CoTh and TrBMD 26, 27 . The LD-100 system consists of two ultrasonic transducers located coaxially in the forward direction and is equipped with a computer system. The transducers move simultaneously for scanning, during which one transmits ultrasound signals through the objective region and the other receives those signals. As noted in our previous studies 26, 27 , the propagation time of echo waves and slow waves was used. CoTh, expressed in millimeters, was estimated by analyzing reflected and transmitted ultrasonic signals, whereas TrBMD, expressed in mg/cm 3 , was estimated by quantifying the attenuation of ultrasound waves transmitted through bone and transmission velocity of fast waves propagated through trabecular bone structures [28] [29] [30] . The LD-100 is a new QUS system that recently received approval for use as medical equipment in Japan. The results obtained with the device have been validated based on a significant correlation with values obtained by peripheral quantitative computed tomography in Japanese individuals with a mean BMI of 21.5 kg/m 226 , and in another study with participants aged 50-86 years 27 .
Laboratory measurements
Blood samples were obtained in the morning after an overnight fast. Fasting plasma glucose, glycated hemoglobin A1c, and serum levels of albumin and creatinine were analyzed using a standard laboratory method at the Central Laboratory of Osaka City University Hospital 31 . Estimated glomerular filtration rate was calculated using an equation for Japanese individuals, as previously described 32 . The level of whole parathyroid hormone in serum was measured using a whole parathyroid hormone assay (Scantibodies Laboratory Inc., Santee, CA, USA), as previously described 33 . The level of immunoreactive insulin in serum was determined using an electrochemiluminescence immunoassay (Roche Diagnostics K.K., Tokyo, Japan). Homeostatic model assessment of insulin resistance (HOMA-IR) index values were calculated with the following formula 34, 35 ; (fasting immunoreactive insulin [IU/mL] 9 fasting plasma glucose [mg/dL] / 405). Serum bone alkaline phosphatase levels were determined with an enzyme immunoassay (ALKPHASE-B; Metra Biosystems, Mountain View, CA, USA) 36 . Measurement of serum osteocalcin was carried out using a two-site immunoradiometric assay kit (Mitsubishi Kagaku Bioclinical Laboratories, Tokyo, Japan) 37 , while that of tartrate-resistant acid phosphatase-5b (TRACP-5b) activity was carried out with a fragment absorbed immunocapture enzymatic assay method using two monoclonal antibodies 38 . The serum level of 1,25 (OH) 2 D was measured using radioimmunoassay findings 33 . Plasma leptin levels were determined using an enzyme-linked immunosorbent assay kit (R&D Systems Inc., Minneapolis, MN, USA), as previously reported 17, 39 .
Statistical analysis
Values are expressed as the number (%) or median (interquartile range). Spearman's correlation coefficient test was carried out to determine correlations between continuous variables. Multivariable regression analyses were carried out to evaluate the associations of bone densitometry parameters with various clinical parameters, including plasma leptin, BMI and waist-tohip ratio. Plasma leptin levels and HOMA-IR were logarithmically transformed, while the duration of diabetes including values of zero were logarithmically transformed (log [x + 1]) before carrying out multivariable regression analysis, due to its skewed distribution. We incorporated a two-factor interaction term (sex 9 log leptin) to assess the effect of sex difference on the relationship between leptin level and bone densitometry parameters. The variance inflation factor was determined to estimate multicollinearity for each predictor. All statistical analyses were carried out using the Statistical Package for the Social Sciences (PASW Statistics version 22.0; SPSS Inc. Chicago, IL, USA). All reported P-values are two-tailed and were considered statistically significant at a level <0.05.
RESULTS
Clinical characteristics of type 2 diabetes mellitus patients
The characteristics of the enrolled type 2 diabetes mellitus patients (n = 182) are shown in Table 1 . The median values Simple correlations of plasma leptin, clinical parameters, and bone parameters with CoTh and TrBMD in type 2 diabetes mellitus patients Table 2 shows a summary of simple correlations of various clinical factors found with CoTh and TrBMD in the 182 type 2 diabetes mellitus patients, as determined by LD-100 findings. Plasma leptin, but not BMI, was significantly and inversely correlated with CoTh (q = -0.487, P < 0.001; also shown in Figure 1 ), despite the significant and positive correlation of BMI with leptin in plasma (q = 0.398, P < 0.001; Figure 2 ). In contrast, BMI, but not plasma leptin, was significantly and positively correlated with TrBMD (q = 0.369, P < 0.001). Clinical variables inversely correlated with both CoTh and TrBMD were age, duration of type 2 diabetes mellitus, and TRACP-5b, whereas factors found to be positively correlated were male sex, waist-to-hip ratio, handgrip strength and smoking status.
Plasma leptin, but not BMI or waist-to-hip ratio, associated with CoTh To examine whether the level of leptin in plasma was significantly associated with CoTh independent of the main confounding factors, multivariable regression analyses were carried out ( Table 3 ). In basic model 1, which included age, sex, log (duration of type 2 diabetes mellitus + 1), glycated hemoglobin A1c, albumin, estimated glomerular filtration rate, handgrip strength, whole parathyroid hormone level and log (plasma leptin level) as covariates, plasma leptin level was significantly and inversely associated with CoTh. When log (plasma leptin level) was replaced with BMI (model 2), BMI also emerged as a significant factor inversely associated with CoTh. When log (plasma leptin level) and BMI were simultaneously included (model 3), plasma leptin level, but not BMI, retained a significant association with CoTh. Finally, when waist-to-hip ratio was added to model 3 (model 4), log (plasma leptin level), but not BMI or waist-to-hip ratio, retained a significant association with CoTh. In each model, age and estimated glomerular filtration rate were significantly and inversely associated, whereas male sex and handgrip strength were significantly and positively associated with CoTh. The variance inflation factor values were <5 for each of the predictors, indicating no multicollinearity between the variables (Table 3 ). Although sex was significantly associated with CoTh, the "sex 9 leptin level" interaction was not significant (P = 0.596), whereas plasma leptin level was significantly and inversely associated with CoTh in both men and women (b = -0.254, P = 0.030 and b = -0.240, P = 0.017, respectively), suggesting that sex does not have an effect on the relationship between the level of leptin in plasma and CoTh. Furthermore, that leptin level (b = -0.271, P = 0.015) was significantly associated with CoTh, even in post-menopausal women with type 2 diabetes mellitus (n = 72).
Plasma leptin associated with CoTh independent of other confounding factors
To further examine whether the association of plasma leptin level with CoTh was independent of other confounding factors, multivariable regression analyses were again carried out (Table 4 ). When diabetic neuropathy (model 1), past cerebrovascular disease (model 2), smoking status (model 3), 1,25 No independent association of plasma leptin, BMI or waist-to-hip ratio with TrBMD When the same multivariate analysis model was used to elucidate clinical variables associated with TrBMD (Table 5 ), log (plasma leptin level) emerged as borderline positive (model 1). However, when BMI or BMI and waist-to-hip ratio were simultaneously included with log (plasma leptin level), neither plasma leptin level, BMI nor waist-to-hip ratio retained a significant association with TrBMD (models 3 and 4). Furthermore, the "sex 9 leptin level" interaction was not significant (P = 0.830), and the level of leptin in plasma was not significantly associated with TrBMD (b = 0.198, P = 0.069 and b = -0.034, P = 0.750, respectively) in either men or women, suggesting that sex does not have an effect on the relationship between leptin level and TrBMD. We also noted that plasma leptin did not have a significant association with TrBMD after further adjustment with diabetic neuropathy (model 1), past cerebrovascular disease (model 2), smoking status (model 3), 1,25(OH) 2 D level (model 4), pioglitazone prescription (model 5), insulin (model 6), HOMA-IR (model 7) or a/b-blocker prescription (model 8; Table 6 ).
Correlations of plasma leptin with bone metabolic markers
Correlations between plasma leptin level and bone metabolic markers were also evaluated. Leptin level was found to be significantly and inversely correlated with osteocalcin (q = -0.220, P = 0.003) and TRACP-5b (q = -0.219, P = 0.003), but not with bone alkaline phosphatase level (q = 0.035, P = 0.636).
DISCUSSION
The present results showed that the level of leptin in plasma, but not BMI or waist-to-hip ratio, is independently and inversely associated with LD-100-determined CoTh, but not TrBMD, at the 5.5% distal radius in type 2 diabetes mellitus patients (Figure 1 ; Tables 3-6 ). In addition, they suggest that leptin has an inhibitory effect preferentially on cortical bone components, in contrast to trabecular bone components, in these patients. Furthermore, it is possible that the mechanism by which leptin has effects on cortical bone might be explained by its stimulatory effect on sympathetic nerve activity, as the inverse association was independent of BMI and waist-to-hip ratio (Tables 3,4 ). The level of leptin in plasma is known to be positively associated with adiposity caused by development of leptin resistance 10, 40 . Consistent with those reports, plasma leptin level was positively correlated with BMI and waist-to-hip ratio (q = 0.146, P = 0.049) in the present type 2 diabetes mellitus patients, as well as a previously reported general population 41 . Additionally, basic studies have shown that leptin binds to its specific receptors in the hypothalamus to activate sympathetic nerve function, resulting in inhibition of bone formation by b2adrenergic receptors on osteoblasts in mice [18] [19] [20] .
Other studies have provided evidence showing that an increase in sympathetic activity might be intimately involved in the suppression of bone formation 42 simultaneously with stimulation of bone resorption 21 . Thus, it is speculated that the higher plasma leptin activity seen in leptin-resistant obese type 2 diabetes mellitus patients, which represents increased sympathetic nerve activity, is associated with reduced BMD. In support of this notion, findings have been presented showing that treatment with propranolol, a b-blocker, suppressed a reduction in bone mass induced by unloading, while isoproterenol, a b-agonist, reduced bone mass in loaded mice 21 . In our previous study, we showed that the level of leptin in plasma was not significantly different between diabetes patients with and without neuropathy 17 , while the present results showed that plasma leptin level was not significantly different between diabetes patients with and without neuropathy (4.0 [1.8-10.0] vs 4.5 [1.8-8.7], P = 0.995). In addition, diabetic neuropathy was not significantly associated with either CoTh or TrBMD (Tables 4,6 ), suggesting that the condition does not have effects on the association of plasma leptin with those parameters. As for bone metabolic markers, plasma leptin levels were inversely correlated with osteocalcin, a marker of bone formation, as well as the bone resorption marker, TRACP-5b, findings consistent with previous reports that showed an inverse association of plasma leptin with bone metabolic markers 43, 44 . Together, these results provide important evidence for the role of sympathetic nervous tone to mediate unloading-induced bone loss by suppression of bone formation, rather than enhancement of resorption.
In a previous study, we found a significant and inverse association of plasma leptin level with LD-100-determined CoTh at the distal radius in middle-aged healthy individuals 28 . Furthermore, an investigation of Swedish young adults found that plasma leptin level was inversely associated with CoTh at the distal radius and tibia, as determined by peripheral quantitative computed tomography 45 . Examination of the association between these parameters in type 2 diabetes mellitus patients is important, because of the higher plasma leptin level caused by leptin resistance 12 , as well as increased cortical porosity 46 associated with the disease.
Previous studies including ours have shown that obesity is inversely associated with CoTh at the distal radius in type 2 diabetes mellitus patients 4 , as well as in women in the general population 9 , although other studies have noted no relationship between obesity and CoTh in children 47 , young adults 45 or the general population 6 . Consistent with those reports, the present multivariate analysis showed BMI to be a significant factor inversely associated with CoTh in the absence of log (plasma leptin level) as an independent variable (Table 3 , model 2). Of importance, the addition of log (plasma leptin level) eliminated the association of BMI with CoTh (Table 3 , model 3), suggesting that hyperleptinemia, but not obesity, is a factor contributing to reduced CoTh in type 2 diabetes mellitus patients. These results might explain, at least in part, the higher risk of bone fracture observed in type 2 diabetes mellitus patients, resulting in cortical porosis.
The association of circulating leptin level with BMD determined based on dual-energy X-ray absorptiometry is controversial. While some studies have reported that the level of leptin in circulation is inversely associated with dual-energy X-ray absorptiometry-determined BMD 48, 49 , it has not been unanimously supported 50, 51 . In the present study, the leptin level in plasma was not independently associated with TrBMD after adjustment for BMI, as well as for BMI and waist-to-hip ratio. Furthermore, our previous results determined with an LD-100 showed a close positive association of handgrip strength with CoTh, but not trabecular BMD, at the 5.5% distal radius in both female type 2 diabetes mellitus patients and non-diabetes healthy female participants 4 , leading us to conclude that mechanical stress decreased by unloading suppresses bone formation and stimulates bone resorption preferentially in cortical bone components. These observations might explain the inverse The present study had some important limitations. First, the design was cross-sectional, thus, even though relationships were explored in predictive terms, the results cannot be interpreted in regard to causal relationships. Second, the LD-100 is a newly-developed device used for measurement of bone parameters related to cortical bone separately from trabecular bone, and has yet to be well established. In contrast, a series of recent studies, including ours, have shown that LD-100 findings are clinically relevant for estimation of cortical bone components 26, 27 . Furthermore, the effect of fat mass volume at the measured site or obesity on values obtained with the LD-100 were not fully examined, and we had no access to data from a control group, such as individuals without type 2 diabetes mellitus with a similar level of obesity. Additional studies that include non-diabetic obese participants are required to clarify the role of leptin in regulation of CoTh and TrBMD. Third, although BMI and waist-to-hip ratio were measured, visceral adiposity was not quantitatively determined, thus we could not analyze the precise effects of visceral fat accumulation together with plasma leptin level on bone densitometry findings. Fourth, the type 2 diabetes mellitus patients in the present study had received various drugs for diabetes, hypertension or dyslipidemia, some of which might have had effects on bone metabolism, thus potentially affecting the results. Furthermore, drugs that have effects on sympathetic nerve activity, such as serotonin noradrenalin reuptake inhibitors, were not fully investigated. Additional investigations are required to clarify the role of leptin in the development of cortical porosis. Finally, the present cohort consisted of nearly exclusively Japanese patients with type 2 diabetes mellitus, thus it is unclear whether the findings can be generalized to other ethnic groups.
In conclusion, the present results showed that plasma leptin level is inversely associated with CoTh, but not TrBMD, in patients with type 2 diabetes mellitus, independent of obesity. Furthermore, they suggest that hyperleptinemia resulting from obesity might contribute to cortical porosis in individuals affected by type 2 diabetes mellitus. 
